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 �� 4��� ��� 4� ���'�
 $�/�( �� �!*�� )��' !# � ����� �&R� �2�,�
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D =

∫ T

0
v sin θ dt,

D = uT,

⇒
∫ T

0

sin θ dt =
uT

v
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− L =

∫ 0

L

dS =

∫ T

0

(u sin θ − v) dt, H2I
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Lv
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ẋ = v cos θ

ẏ = v sin θ. H5I
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 $� � �� �� ���P ;� �&` 4� ��&(�
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tan θ =
ut− y

L− x
. H6I
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 4O��� H5I �� #4l��� �� ẏ � ẋ �� ���Z?R � �
� 4� �-�� 4l��� ��� �� �!�?h�"
 �

u cos θ =
L− x

cos θ
θ̇. H7I
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Ṡ = w‖ = u sin θ − v, H8I

���� �>!� ��� �� �L!> �� 4DF&T
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Sθ̇ = w⊥ = u cos θ. H9I

�� ��D��� � θ̇ !� ẋ 0� ��/( � ���+�
 ��� 4� H7I �d� �� 4l��� �� S = (L− x)/ cos θ �� ���Z?R �
�& �
 4O��� H9I � H5I
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dθ
=
v(L− x)

u cos θ
⇒

∫ x

0

u dx′

v(L− x′)
=

∫ θ

0

dθ′

cos θ′
. H10I
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tan θ = sinh
[
u

v
ln
(

L

L− x

)]
. H11I

S� ���� �C�8 !���
 $� � tan θ 
�

dy

dx
= sinh

[
u

v
ln
(

L

L− x

)]
H12I

=
1

2

[(
L

L− x

)u/v

−
(

L

L− x

)−u/v
]
. H13I

��+�
 ��� 4� y(x) 4l��� ��� �� �!�?��!*��� �

y(x) =
L

2

[
1 − (1 − x/L)1−(u/v)

1 − (u/v)
− 1 − (1 − x/L)1+(u/v)

1 + (u/v)

]
. H14I
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R = R(i cosωt+ j sinωt). H15I
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 � ��� ��[
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ṙ = v s. H16I

���� 4DF&T
 �� �C�8 � �8 �� �-�� �� >!� ����!� ���� S ����!� �� ���� �� �� 48� ����!� ŝ

Ṡ = Rω sin(φ− ωt) − v,

Sφ̇ = Rω cos(φ− ωt). H17I

�� S� ��� !� �� � Ṡ < 0 S� �v > Rω ���� !(��� �8 �� >!� �� �C�8 �� >!� 4' ��Fa ��
��& �
 S = 0 �(�


�Fa ��� �� ��& �
 Ṡ < 0 ��� sin(φ − ωt) = 1 4' ��P&
 2R ��� v = Rω 4' ��Fa ��
�Sω = 0 �& �
 4O��� H17I )��� �� 4l��� �� � φ = ωt+ kπ/2

S ����!� �!' Qa �&"� �� H17I �� �� �DR �� 4F��
 �� !?� ���� v < Rω ��
�
 �P� 4' ��Fa
!��v�
 !���v( � ���+�
 ��� 4� �C�8 !���
 �� 4F��
 �!7d� � r �C�8 �� 8
 ����!� R�+ �� �

ψ = φ− ωt, H18I

4� ��& �
 Q��-( H17I �� �� �DR �� #4F��


Ṡ = Rω sinψ − v,

Sψ̇ = −Sω +Rω cosψ. H19I

4F��
 1� 4� 0��' ���Z?�R �+ �� �� Ṡ � S � 0�!�*� h�"
 �
� 4� �-�� )�� �� 4F��
 �� !?�
�0����
 ψ �� �!� �� �l7!��] Q� ����!D��

ψ̈

(
R cosψ

ψ̇ + ω

)
+ ψ̇(2R sinψ − v) + ω(Rω sinψ − v) = 0. H20I

��� {�a �& �
 �+ �� �!� 6�&R 1� 
� ��� �l7!� �] Q� ����!D�� �� 4F��
 1� 4F��
 ��� 4C!?�
 � ��  � ψ̇ = 0 4\NF ��,# �� � ���� sinψc := v/(Rω) 4' ψ = ψc ��4\NF �� �� � ' �!%
��� �� ;�&` ��� �� �ψ̈ = 0 4' ������ H20I Q� ����!D�� �� 4F��
 �� ;�&`�+ �� �S = R cosψc

4' ��� ��Fa 4� �&�!
 6�&R ��� ��& �
 Ṡ = 0 �Fa ��� �� �ψ = ψc ���� ��
�
 ��[ ψ S�
�8 �� ��4���� �� >!� �,# � �F� r = rc := R sinψc q� � 4� !�8C&' ���!��� �� �� 0# �C�8 
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ψc b� &a � �&a 2�� ψ � rc b� &a � �&a r !?� ���� 0��' ���!� �� 6�&R �� ������ ����� da
�0�#��
 !�� ;� �&` 4� �!�v�
 !���v( ���%�x�
 �PD(� 4C � �

S = R cosψc + δ,

ψ = ψc + ε. H21I

$� �a !� ��� $� �!/( ( � H21I � H19I �� ��D��� � �����# 1C&' ε � δ ��� r ≈ rc � ψ ≈ ψc ��P�
�0����
 #�+ �� �!� !�� �� #4F��
 4� ε � δ

δ̇ = εRω cosψc,

ε̇ = − δω + εRω sinψc

R cosψc
. H22I

��+�
 ��� 4� δ �� �!� ���� �� 4-(!
 Q� ����!D�� 4F��
 �4F��
 �� ����Q< a �

δ̈ + ω tanψcδ̇ + ω2δ = 0. H23I

��� �� ���Z?�R � �0�!�?�
 6�&R �� �&�> 4� �� ep t �� ��9� �4F��
 6� �&R �� ���+ ��� 4� �� �!�
��+�
 ��� 4� p �� �!� ���/
 �� 6�&R

p = −ω
2

(
tanψc ±

√
tan2 ψc − 4

)
. H24I
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���&R �� !?� ���� �δ → 0 �
� ��  Z? � S� �����# �D�
 #6�&R��� �� �� !# �� �/�/a �� ��
���'�
 Q�
 r = rc � ψ = ψc �� ,� 4� 6�&R ��� �� � r ≈ rc � ψ ≈ ψc 4' 0��' q�! 
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ṙ = −v cosα,
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